Volcanic ash clouds threaten the aviation safety and cause global environmental effects. It is possible to effectively monitor the volcanic ash cloud with the aid of thermal infrared remote sensing technology. Principal component analysis (PCA) is able to remove the inter-band correlation and eliminate the data redundancy of remote sensing data. Taking the Eyjafjallajokull volcanic ash clouds formed on 15 and 19 April 2010 as an example, in this paper, the PCA method is used to monitor the volcanic ash cloud based on MODIS bands selection; the USGS standard spectral database and the volcanic absorbing aerosol index (AAI) are applied as contrasts to the monitoring result. The results indicate that: the PCA method is much simpler; its spectral matching rates reach 74.65 and 76.35%, respectively; and the PCA method has higher consistency with volcanic AAI distribution.
INTRODUCTION
The volcanic ash cloud, formed by the volcanic eruption, is usually consisted of pyroclastic particles, water vapor, SO 2 and HCL, etc. These components can be combined to form acidic aerosols when they erupt into the atmosphere troposphere, and cause global environmental problems (Wen and Rose 1994 , Flynn et al. 2001 , Ellrod 2004 , Thomas et al. 2005 , Andronico et al. 2009 ). Currently, the civil air-crafts' flight height is mostly 6-15 km and basically belongs to the troposphere. Once a large number of volcanic ash clouds appear in the stratosphere layer, it will easily cause aviation security risks. Remote sensing can obtain the real-time information of volcanic ash cloud. Thereinto, the infrared remote sensing has been rapidly developed since the infrared light was discovered in the year 1800. At present, there are several thermal infrared satellite remote sensing sensors which have been widely used in the field of air pollution, sea surface brightness temperature and volcanic activity monitoring (Qin et al. 2001 , Jiménez-Muñoz and Sobrino 2003 , Liu et al. 2003 , Qu et al. 2006 , Yao et al. 2007 , Krueger 1983 , McCarthy et al. 2008 , Filizzola et al. 2007 , Rose et al. 2008 . In view of the significant impact of massive volcanic ash cloud on the global environment and aviation safety, how to detect volcanic ash cloud from remote sensing data has become one of the most important tasks in the volcanoes and security realms.
Principal component analysis (PCA) is an effective mathematical method whose aim is to transform multiple indicators into a few composite indicators using dimensionality reduction. It has been widely adopted in data compression, feature extraction and pattern identification fields Clark 2002a, b, Hillger and Ellrod 2003) . The monitoring of volcanic ash cloud produced by the large-scale volcanic eruptions has been carried out since the 1980s. Zhu et al. (2011) have used FY-3A remote sensing data to present shortwave infrared-thermal infrared volcanic ash (STVA) method, and have achieved a higher detecting precision. Hillger and Clark (2002a, b) have processed the moderate resolution imaging spectroradiometer (MODIS) data of Popocatepetl and Cleveland volcanic ash clouds with the PCA method, and have accurately identified the volcanic ash cloud distribution in the lower atmosphere. The essence of volcanic ash cloud monitoring is also a pattern recognition problem, and along with a certain relevance and data redundancy coming from each band of remote sensing data, although the PCA method has great application potential, there are relatively fewer studies on the volcanic ash cloud monitoring using PCA method, and the research achievements are few.
According to the physical-chemical properties of volcanic ash cloud, taking the MODIS data of Eyjafjallajokull volcanic ash clouds on 15 and 19 April 2010 as the data source, this paper uses the PCA method to detect volcanic ash cloud with the aim to provide a reference for other volcanic ash cloud monitoring researches. Section 1 introduces the general situation and research status of volcanic ash cloud, Section 2 describes PCA basic principles and its realization process in remote sensing image, Section 3 is the detailed detection process of volcanic ash cloud from MODIS images using PCA method, Section 4 gives detection results, and Section 5 presents the conclusions and discussions.
THEORETICAL BASIS
PCA method is a kind of dimensionality reduction method whose assumption is that a given set of relevant variables is converted into another group of irrelevant variables by linear transformation, and these new variables are ordered sequentially in accordance with the variance in descending order (Lin et al. 2012 , Zhao et al. 2012 .
PCA principles
Suppose x is m-dimensional random vector, and the E[x] = 0, the realization process of PCA is shown below.
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PCA realization process in remote sensing image
According to PCA principles, the first principal component (PC 1) is required to have the largest possible variance, the second principal component (PC 2) is computed under the constraint that it is orthogonal to PC 1, and so forth (Lin et al. 2012) . Next, this study takes the multispectral remote sensing images with N bands as an example, and then describes the realization process of PCA method in multispectral remote sensing images. Hereinto, the PCs obtained from remote sensing images using PCA method are called principal component images (PCIs) Clark 2002a, b, Li et al. 2011) .
Let E be the transformation matrix, and B the multispectral remote sensing image with N bands, so the relationship between PCIs and the multispectral remote sensing images can be explained as follows: 
and, furthermore, we can rewrite the PCI as follows: Similarly, the first principal component image (PCI 1) has the maximum variance and contains the maximum commonalities of each multispectral remote sensing image. Other PCIs often lay emphasis on the difference among the original remote sensing images, and this difference in a single original image is invisible. Besides, the noise (also called blemishes) appears primarily in the n-th principal component image (PCIn).
REMOTE SENSING MONITORING OF VOLCANIC ASH CLOUD

General situation of study area
Iceland is located east of Greenland and immediately south of the Arctic Circle. Although its area is only 103 000 km 2 , it is known as the Fire Island of Polar Circle. The Eyjafjallajokull volcano is located to the southeast of the Reykjavik, and began to erupt in the evening on 20 March 2010. Subsequently, the Eyjafjallajokull volcano erupted violently again on 14 April 2010. The volcanic ash cloud spread to Continental Europe and North Atlantic by wind, causing most European airports to be closed; more than 1000 flights were canceled, and the direct financial loss amounted to about hundreds of billions of euros. According to the relevant documentation and meteorological conditions, the MODIS images on 15 and 19 April 2010 are eventually used in this study in the monitoring of the volcanic ash cloud (Fig. 1) . Figures 1a and b show the false color composite image of MODIS data band 2, 1, 3 acquired on 15 and 19 April 2010, respectively; the corresponding center wavelengths of three corresponding bands are 0.859, 0.645, and 0.469 μm. From Figs. 1a and b it is seen that the color of volcanic ash cloud is close to the one of the sea and land surface, so it is difficult to distinguish the volcanic ash cloud; it depends entirely on visual inspection. Figure 1c shows an enlarged image of the volcanic ash cloud and the volcanic caldera acquired from MODIS thermal infrared remote sensing images. As can be seen from Figs. 1a and c, when the volcanic ash cloud rushes upward and spreads southward and eastward by wind, the volcanic ash cloud components become thinner and spread out of the caldera's periphery. However, the spreading volcanic ash cloud does not cover the volcanic caldera and the caldera is clear in Fig. 1c .
PCA on the MODIS thermal infrared bands
Due to the method of PCA processing and effective spectral bands selection with MODIS, the thermal infrared bands on 15 and 19 April 2010 are the same; this paper just takes the case of the volcanic ash cloud on 19 April 2010. The MODIS sensor is an important remote sensor mounted in the Terra and Aqua satellites whose data can be freely received and used by worldwide users. MODIS sensor has a total of 36 discrete spectral bands, the spectral range covers the bands from visible to thermal infrared; its spatial resolutions are 250, 500, and 1000 m, respectively, and the maximum scan width is 2330 km. Spectral sensitivity is the relative efficiency of the signal as a function of the frequency of the signal; signal to noise ratio (SNR) is a measure that compares the level of a desired signal to the level of background noise. Both are an indication of the relative magnitude of the signal in these bands of the MODIS sensor, and are often used to evaluate its performance (Table 1) .
In recent years, many researchers have been exploring the monitoring methods of volcanic ash cloud using different thermal infrared remote sensors, especially the advanced, very high resolution radiometer (AVHRR) remote sensor. Because the MODIS sensor is an updated product of AVHRR, how to reasonably use MODIS data to obtain volcanic ash cloud should be considered in the future study. In order to verify the thermal infrared band's sensitivity for the volcanic ash cloud in MODIS data (bands 20-36, except of band 26), this study adopts PCA method to process the MODIS thermal infrared bands. According to PCA principle, when the 16 thermal infrared bands are inputted, the corresponding 16 separated PCIs are obtained. The PCIs on 19 April 2010 are shown in Fig. 2 .
Generally speaking, the principal component information in PCIs is also called explained variance. The PCI 1 has the biggest principal component in- formation of the original remote sensing images. As can been seen from Fig. 2 , PCI 1 contains the vast majority of components' information. In this study, the image background mainly includes meteorological clouds and land cover information: For a meteorological cloud, the higher the meteorological cloud, the brighter the color. This is due to the different absorbed heat caused by varying height of the meteorological cloud. When the cloud is higher, its brightness temperature in the range of thermal infrared band will be lower and the color will be brighter due to the absorption of smaller amount of the earth radiation heat. When the cloud is lower, on the contrary, its brightness temperature is higher and the color is darker because of the absorption of much of the earth radiation heat; For land cover information, the gray color of light means low brightness temperature and black means high brightness temperature; the gray color represents gradual changes of the brightness temperature between light gray and black. In PCIs, its color gradually changes from light gray to black; this indicates that the surface brightness temperature of land cover information changes from low to high. For the obtained PCIs, the volcanic ash cloud information is detected clearly only in PCI 1, 2, 4, and 8; as other PCIs are basically full of noise, they are all ignored in the study (Fig. 2) . In addition, from the viewpoint of a contrast between volcanic ash cloud and background feature, PCI 4 is clear with significant contrast in all PCIs, it is followed by PCI 1 and 8; and PCI 2 has less contrast. Even so, the distributions of volcanic ash cloud information are basically detected in the four PCIs.
Selection of effective spectral bands
In order to give a quantitative analysis of the detected volcanic ash cloud using PCI 1, 2, 4, and 8, the explained variance and SNR of different PCIs are calculated. According to the principle of diminishing amount, the PCIs contrasts of volcanic ash cloud are shown in Table 2 . As can be seen from Table 2 , the volcanic ash cloud information in the PCI 4 is that the cloud is obviously bright and has the biggest contrast to the image background and the best detection effect. The following one is PCI 8; although the contrast decreases and is between the volcanic ash cloud and the image background, the volcanic ash cloud can still be clearly detected; the volcanic ash cloud showing dark tones in PCI 1, the cloud shows bright tones, the land shows darker tones; the volcanic ash cloud shows dark tones in PCI 2, and the other features are basically in light tones. In addition, from the view of explained variance and SNR, the explained variance and SNR of PCI 4 have the best contrast effect, and reach 0.13 and 1.66, respectively, the explained variance and SNR of PCI 2 have the least obvious contrast effect, and reach 0.011 and 1.58, respectively. Thus, it has not been confirmed that the greater the explained variance and SNR value, the better the volcanic ash cloud contrast effect. Table 3 shows the contributions from MODIS bands to PCI with a better volcanic ash cloud detection effect. For PCI 4, the contribution rate of band 30 is the largest, it is followed by band 36; for PCI 1, the contribution rate of band 36 is the largest, followed by band 25; for PCI 8, the contribution rate of bands 31 and 32 are the largest, respectively, the contribution rate of other bands is relatively smaller; for PCI 2, the contribution rate of bands 29 and 32 are the largest. Taken together, for 20  25  29  30  31  32  33  34  36  4  2  9  0  52  0  0  1  1  17  1  3  13  3  10  2  0  2  5  55  8  1  0  6  0  64  11  1  0  0  2  0  0  32  3  1  26  0  0  0   Total  6  22  41  65  67  37  4  6  72 PCI 9, 8, 16, and 14, band 36 has the largest contribution to the volcanic ash cloud with the total contribution rate of 72%; followed by bands 31 and 30, respectively, whose total contribution rates reach 67 and 65%. In addition, different combinations of PCIs are also able to reveal the object feature under different circumstances. For example, PCI 9 is the essential difference between ozone band and long-wave CO 2 band (corresponding to 9.7 and 14.2 ȝm); PCI 8 is mainly the difference between short-wave and long-wave CO 2 band (corresponding to 4.52 and 14.2 ȝm); PCI 16 is the difference between long wave window band and nearby dirty window band (corresponding to 11.0 and 12.0 ȝm); PCI 14 is the difference between water vapor band and dirty window band (corresponding to 8.6 and 12.0 ȝm). For different application fields, we are required to select the suitable PCIs in terms of the actual situation.
PCA on selected effective bands
Through the above analysis, the thermal infrared bands 30, 31, and 36 in MODIS have the biggest contribution to the volcanic ash cloud PCIs. Next, taking the original bands 30, 31, and 36 of MODIS sensors as the data source, this study will detect the Eyjafjallajokull volcanic ash cloud using 3-band PCA method on 15 and 19 April 2010, respectively. Figure 3 shows the selected MODIS images on 15 April 2010 and the corresponding PCIs. Figure 4 shows the selected MODIS images on 19 April 2010 and the corresponding PCIs. From Figs. 3a-c and 4a-c it is seen that some fractus clouds have lower temperature in the original band 36 and show light tones, while some other, stratiform clouds have higher equivalent black body temperature (TBB) and show gray color. This is so because the volcanic ash cloud in the early eruption period and diffusion process contains a lot of heat and its brightness temperature is higher than that of TBB, which is more conventional. The brightness temperature characteristics of volcanic ash cloud in original bands 30 and 31 are similar to that of band 36. During the day, the brightness temperature of volcanic ash cloud is higher and the concentration is greater than that of meteorological clouds; all these factors make the image appear to be in dark tones.
From Figs. 3d-f and 4d-f it follows that the distinction between the volcanic ash cloud and the image background in PCI 2 is most obvious. The volcanic ash cloud is gray and has a clearly visible edge, relatively uniform texture; it also highlights the texture and spectral characteristics of volcanic ash cloud. In stark contrast, the surrounding white scattered clouds have fragmentary and chaotic texture. Although PCI 3 contains a certain amount of noise, the volcanic ash cloud information is highlighted. Due to the carried heat and radiation heat from itself, the volcanic ash cloud's brightness temperature is higher than that of the surrounding land and cloud, and appears to be in dark tones. In order to more accurately evaluate the difference between the original multispectral remote sensing image and PCIs, in this study, the color histogram of the original bands 30, 31, and 36 in MODIS and the corresponding PCI 1, 2, and 3 on 15 April 2010 (Fig. 5 ) and 19 April 2010 (Fig. 6) are calculated. Figures 5a-c and 6a-c show that the color histogram of the bands 30, 31, and 36 is very similar, and the three bands have high inter-band correlation. On the contrary, the color histogram of PCIs in the Figs. 5d-f and 6d-f is completely different and has different spatial distribution. This indicates that the PCIs by PCA processing can effectively remove the inter-band correlation among the original remote sensing images and greatly enhance the subsequent detection of volcanic ash cloud. 
PCIs noise elimination and segmentation
To some extent, the PCIs can basically reflect the distribution of the volcanic ash cloud. In order to more clearly highlight the volcanic ash cloud information in the practical applications, a further detection of the volcanic ash cloud from PCIs is necessary. The specific process is as follows: Noise elimination of volcanic ash cloud. In some cases, there are some minor noises in PCIs. In order to overcome the problem, the 3 × 3 filter processing is used to process the three obtained PCIs, respectively. Studies show that when the covering area of the multispectral remote sensing data is large enough, the statistics law of each band and its linear processing results in multispectral data basically present the normal distribution (Moghtaderi et al. 2007 ).
False color synthesis. In order to display the volcanic ash cloud information more clearly, in this study, the obtained PCIs which are processed by noise elimination were given red (R), green (G), and blue (B) colors, respectively, and synthesized. Color density division. According to the multivariate statistical analysis method, the density division can get the best effect when the divided rule is that the mean value of false color synthesis PCIs plus n times of the standard deviation. Combined with previous research experience and many experiments, it is the ideal way to divide the density into three classes in this study, and the three class rules are 2.0, 2.5, and 3.0 times of the standard deviation. The detected volcanic ash cloud information on 15 and 19 April 2010 is shown in Fig. 7 . Figure 7 shows that the volcanic ash cloud on 19 April 2010 mainly spread towards the south, and then it spread towards the east under the action of gravity and wind. For Class 1, 2, and 3, the concentration of volcanic ash cloud composition within Class 1 region is the greatest; followed by Class 2 region, where the concentration is mediate; the concentration of volcanic ash cloud composition in Class 3 region is the thinnest. In addition, from the distribution point of volcanic ash cloud information, Class 3 is the most widely distributed one in the three classes of volcanic ash cloud region, it is followed by Class 2; and Class 1, which has the smallest distribution area. Furthermore, Class 1 distributes around the center of volcanic ash cloud; with the decrease of volcanic ash cloud concentration, Class 2 mainly locates around the Class 1, and the Class 3 distributes the peripheral region of volcanic ash cloud. In view of this, the usage of the PCA method yields a better detecting effect. This method is able to detect not only the shape characteristics of the volcanic ash cloud information but also the different concentration distribution of volcanic ash cloud components. And what is more, the contrast between the obtained volcanic ash cloud and PCIs background characteristics in PCIs is obvious.
MONITORING RESULTS
In order to verify the detecting effects using PCA method, a comparative analysis was performed in this study on the spectral matching of volcanic ash cloud and volcanic absorbing aerosol index (AAI).
Spectral matching of volcanic ash cloud
In this study, the mineral spectral information of the United States Geological Survey (USGS) standard spectral database is adopted. According to the wavelength interval of MODIS data, the reflectance data in the USGS standard spectral database has been resampled to correspond to MODIS bands, and its spectral curve is established corresponding to MODIS data. Similarity matching between the spectral curve after the atmospheric correction and the standard spectral library of mineral ash after resampling is shown in Fig. 8 . As can be seen from Fig. 8 , the matching rate between the spectral curve and spectral library of volcanic ash cloud reached 74.65% on 19 April 2010 and 76.35% on 15 April 2010, respectively. It shows that the volcanic ash cloud detection using PCA method has achieved good results. In addition, there are some significant differences within a certain wavelength area, such as 9-11 ȝm. Based on the analysis, it follows that the main cause is the absorption spectrum differences of thermal infrared bands in these wavelength ranges. And what is more, this is also consistent with the selecting basis of bands 30, 31, and 36 in this study.
Although the actual situation nearby the Eyjafjallajokull volcano, for example the snow-covered surface, ocean surrounding, atmospheric attenuation and terrain differences, reduces the detection precision of the volcanic ash cloud to some extent, the PCA method can still separate out the different object feature information from the mixed information in original remote sensing images based on decorrelation and elimination redundancy. Therefore, the PCA method contributes to detect volcanic ash cloud from the remote sensing image, and makes the detected volcanic ash cloud information closer to the actual distribution.
Volcanic AAI
The volcanic AAI is applied in this study, and it is calculated by the absorbing characteristics of volcanic ash cloud in ultraviolet bands. The AAI on 15 and 19 April 2010 is acquired by the 0.34 and 0.38 ȝm data of the global ozone monitoring experiment (GOME-2) sensor carried on the Metop-A satellite, and shown in Fig. 9 . Figure 9 shows that the maximum concentration position of volcanic AAI basically appears near the volcano and is close to the centric line of volcanic ash cloud. In this paper, the distribution of volcanic ash cloud image on 15 and 19 April 2010 obtained by PCA method is similar to the AAI distribution; it accurately reflects not only the main part of the volcanic ash cloud distribution, but also a small amount of volcanic ash cloud distribution. Due to the lack of the ground measured data of the corresponding region, the volcanic ash cloud acquired by MODIS sensor is used to compare with that of volcanic AAI distributions. The results show that the proposed PCA method can get good monitoring effect of the volcanic ash cloud, and the monitored results have a high consistency and fitness with the volcanic AAI distribution.
CONCLUSIONS AND DISCUSSIONS
The PCA method not only removes the inter-band correlation and eliminates the data redundancy among the different remote sensing images, but also highlights the characteristics of different objects and improves the detection accuracy of thematic information. In this paper, the PCA method is used to detect the Eyjafjallajokull volcanic ash cloud from MODIS images on 15 and 19 April 2010. Thereinto, the volcanic ash cloud has been detected with the aid of selection of effective spectral bands, PCA processing, noise elimination, and segmentation. And then, the spectral matching rate and volcanic AAI have been adopted to assess the detected volcanic ash cloud. The results show that PCA method has good effect in the detection of volcanic ash cloud, whose spectral matching rate of volcanic ash spectral reaches 74.65 and 76.35%, respectively, and has high consistency with AAI distribution. The PCA method, which is used to detect the volcanic ash cloud from MODIS remote sensing images, has a certain theoretical significance and better practical values for volcanic activity monitoring and aviation safety. In comparison with other research methods Clark 2002a, b, Zhu et al. 2011) , the PCA method is much simpler and has a certain detection precision.
Because different types of volcanic eruptions have different volcanic ash cloud components, the formed absorption spectrum characteristics are not exactly the same either. Although PCA method has a huge advantage in the field of volcanic ash cloud detection, it is necessary to select the suitable remote sensing data and wavebands in terms of the actual situation of study area and volcanic eruptions. In addition, compared to PCA method, independent component analysis (ICA) method has some more obvious advantages in the field of remote sensing data processing and volcanic activity monitoring (Qu et al. 2006 , Li et al. 2013 ). It can not only remove the inter-band correlation among the different bands of remote sensing data, but also get mutually independent components, which has significant applications in vol-
